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Abstract  - There is a growing policy pressure to 
reduce water use in agriculture when this generates 
sufficiently large environmental benefits and increases 
the well-being of other water users. Several analysis 
investigate farmers’ response to water policy by means 
of mathematical programming models including Positive 
Mathematical Programming (PMP). 
The originals PMP methods refer only to activities 
observed in the reference period. However, under the 
pressure of new water policies, farmers can adjust not 
only their cropping patterns but also the irrigation 
techniques they use. In particular, they could introduce 
water deficit irrigation crop techniques that were not 
profitable in past conditions. 
This paper proposes an extension of the Röhm and 
Dabbert approach (2003) in order to include deficit 
irrigation crop techniques not observed in the reference 
period into a PMP model. These alternative techniques 
are identified by means of a crop growth model 
developed by FAO. 
The proposed methodology is applied to a 
Mediterranean area performing two sets of simulations 
considering: the increase of water cost and the reduction 
of water availability.  
The results shows that, when water availability 
decreases, not considering adjustments in irrigation 
techniques is likely to underestimate the extent of 
farmers’ response to the new policy scenarios. In facts, 
introducing deficit irrigation techniques can alleviate the 
negative impact of decreasing water availability on farm 
economic results by using more efficiently this resource. 
However, this is not the case for the considered water 
cost increases.  
Keywords - positive mathematical programming; 
water policies; deficit irrigation. 
I.INTRODUCTION 
There is a growing policy pressure to reduce water 
use in agriculture when this generates sufficiently 
large environmental benefits and increases the well-
being of other water users.  More specifically, the 
application of the EU Water Framework Directive has 
fostered an increasing number of economic analysis to 
investigate farmers’ behavior in terms of water use by 
means of different mathematical programming 
techniques including Positive Mathematical 
Programming (PMP) models [1] [2] [3] [4] [5] [6]. 
This approach has, among others, the very positive 
properties to require a relatively limited amount of 
data and to perfectly calibrate the reference period. 
However, traditional PMP models fail in representing 
activities non-observed in the calibration period. For 
this reason, there have been some attempts to allow for 
more flexibility in model response [7] [8] [9]. This can 
be perceived as a limit in the specific field of irrigation 
analysis because, under the pressure of new water 
policies, farmers can adjust not only their cropping 
patterns but also their irrigation techniques. In 
particular, when water availability decreases or water 
cost increases, farmers could find convenient to 
introduce water deficit irrigation techniques (i.e. with 
low unitary water uses) that were not profitable and 
observed under pre-reform conditions [10]. 
This paper presents an approach to include deficit 
irrigation crop techniques not observed in the 
reference period into a PMP model. These alternative 
techniques, identified by means of a crop growth 
model developed by FAO [11], are included into a 
PMP model by using an extension of the Röhm and 
Dabbert approach [12] and by following an approach 
similar to the one recently proposed by Blanco, 
Cortignani and Severini [9]. However, in the present 
paper, the situation is different because technological 
variants of the same crop are considered and because 
these variants are not observed at all in the reference 
period even in the neighbouring areas. 
The proposed methodology is applied to a 
Mediterranean irrigation area performing two sets of 
simulations considering an increase of water costs and 
a reduction of water availability. Empirical results are 
critically discussed to show under which conditions it   2 
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becomes convenient to introduce deficit irrigation 
techniques. 
The paper is organised as follow. The second 
section presents the proposed PMP approach to 
introduce new deficit irrigation technologies and how 
these have been recovered by means of the crop grow 
model. The third section illustrates the main 
characteristics of the study area, the PMP model and 
the deficit irrigation technologies introduced in it, 
while the fourth section shows the considered 
scenarios and the main simulation results. The results 
of the analysis are critically discussed in the last 
section. 
II. THE PROPOSED PMP APPROACH 
The PMP methodology, developed to calibrate 
agricultural supply models [13] [14], assumes a profit-
maximising equilibrium in the base year situation. It 
recovers additional information from observed activity 
levels in order to specify a non-linear objective 
function such that the resulting non-linear model 
closely reproduces the observed farmers’ behaviour.  
Conventional PMP approaches usually involve: 1) 
Specification of a linear programming model bounded 
to the observed activity levels by calibration 
constraints, in order to derive the differential marginal 
cost vector (µ); 2) Estimation of non-linear variable 
cost functions, assumed to capture all farming 
conditions non modelled in an explicit way; 3) 
Formulation of a non-linear programming model that 
exactly reproduces the observed behaviour in the base 
year. 
In the standard PMP approach, the parameters of 
the cost function for each activity are recovered 
separately from each other. In this way, different 
production technologies of the same crop (variants) 
are considered as separate activities. Consequently, in 
the simulation phase, substitution among these 
variants is lower than expected. Röhm and Dabbert 
[12] propose a different modelling approach to take 
into account the higher elasticity of substitution 
between crop variants than between different crops. 
Denoting by j the crop and by v the variant, the non-
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where  Z  denotes the objective function value; xj,v 
represents the production activity levels (hectares 
allocated to crop j with variant v); rj,v and ACj,v denote 
average revenue and average variable cost per unit of 
activity, respectively; ai,j,v represents the matrix of 
coefficients in resource/policy constraints; bi is the 
vector of available resources. 
The Röhm and Dabbert [12] approach introduces a 
second slope parameter, which is common to all 
variants of the same crop. Therefore, there will be two 
sets of slope parameters, one for each crop (γ) and 
another for variants (β), so that the average cost 
function takes the following form: 
∑ + + =
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Cost function parameters can be recovered solving 
the original linear problem with two additional 
calibration constraints: 
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where ε1 and ε2 are small positive numbers (ε1 < ε2); µj 
are dual values associated with single crops; and µj,v 
are dual values associated with crop variants. As for 
the standard PMP approach, multiple sets of cost 
function parameters satisfy the marginality conditions. 
One of the options to recover these parameters would 
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where cj,v are the accounting costs.  
The approach proposed in this paper considers that 
for some irrigated crop there are different irrigation 
technologies (variants v). However, only one irrigation 
technology is observed in the reference period: 
therefore, it is needed to distinguish between observed   3 
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and not observed irrigation technologies specifying the 
calibration constraints in the following way: 
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where ε3 is a sufficiently small positive number (ε1 < 
ε2 < ε3) to be specified only for the crop j with variants 
v not observed in the reference year. In this way, the 
model is accounting for all possible variants and 
recovers all dual values
1. This allows to specify the 
average cost functions in the following form: 
v j
v




ϑ γ β α + + + = ∑
     
(7) 
and the function cost parameters are recovered in 
this way: 










, , , ∑ ∑ ∑






















where  v j, ϑ   are cost parameters that consider the 
relative weight of the variant v inside the crop j 
2. Also 
in Paris and Arfini [7] and Blanco, Cortignani and 
Severini [9] another linear parameter cost allows to 
capture differences between single farms or site-
specific characteristics (farmers’ preferences and local 
conditions).  
This method allows to obtain a β slope that it’s not 
possible to recover by using the original approach 
when the variant is not present in the reference year. In 
particular, different from the original approach 
parameters  β are calculated by means of the whole 
crop j area. 
In this manner, β is not influenced by the area of 
each specific variant area and it is possible to avoid 
very different slopes between variants when these are 
cultivated at very different levels. In fact, as already 
said,  ϑ   considers  the relative importance of the 
                                                           
1 The µj,v dual value relative to the less profitable variant is equal 
to zero. The Röhm and Dabbert [12]  propose a method to 
overcoming this limit.   
2 This way of recovering cost parameters permits to satisfy 
marginal conditions. The cost parameter ϑ  is large when the 
variant is cultivated on a limited share of the whole crop j area. 
variant v inside the crop j and the differences of the 
variant area don’t influence β. Moreover, since the 
dual value refers to the variant, the recovered slope 
considers the characteristics of the relative variants as 
well. 
In other words the cost function slopes βj,v are 
recovered by means of the crop j  area in order to 
obtain cost parameters more similar. In fact they differ 
only by the relative dual cost and aren’t influenced by 
activity level. In addition ϑ   considers the relative 
weight of the variant v inside the crop j.  
III.THE EMPIRICAL MODEL 
The analysis has been conducted in an irrigation 
district of central Italy where are located 
approximately 1,000 farms for a cropped area of more 
than 7,997 ha. Water is delivered by the irrigation 
board by means of three non-fully connected irrigation 
systems. Therefore three sub-areas can be 
distinguished (L1, L2 and L3): these sub-areas are 
similar in terms of soil quality, farm size and 
production technologies. For each area, data on 
production activity levels, input use per activity, water 
charges, variable costs per activity, expected crop 
prices and yields, irrigated area, water availability and 
agricultural policy subsidies and constraints have been 
collected and used in previous researches [8] [10] [15]. 
Each area is represented as a separate entity given by 
the sum of all farms located in that portion of the 
irrigation district. 
The model has been calibrated to the pre-reform 
situation referring to 2004 data on observed cropland 
allocation. The number of the crops observed in the 
2004 were 26. More specifically,  most of the land was 
allocated to durum wheat and also horticultural crops 
were relevant, especially tomatoes for processing.  
The structural constraints of the model refer to land 
and water. Land constraints refer to both total land and 
land used for permanent crops. Water constraint  refers 
to the annual availability. 
Deficit irrigation technologies (DIT) have been 
included for the crops: watermelon, maize, melon and 
tomato that globally account for around 71% of the   4 
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total irrigated area
3. DITs have been identified by 
using the agronomic model CropWat developed by 
FAO. This model is able to predict, on the basis of 
climatic and agronomic data, the likely impact of 
reducing irrigation water on yield [11]. This is based 
on a simplified water balance model that calculates the 
water requirements of each crop in each cropping 
period. These are calculated in the following way: 
  
Area Kc Eto CWR * * =                                       (9) 
 
where:  CWR indicates the global crop water 
requirement; Eto is the evapotranspiration level 
coefficient for the considered study area; Kc is a crop 
specific coefficient estimated by the model developers 
on the basis of experimental data; Area is the cropped 
area. Therefore, CWR depends also by climatic 
conditions, agronomic practices and soil 
characteristics [17] [18]. Such data set has been 
constructed by Lezoche and Severini [10].  
The impact of water deficit on yields is calculated 
by Cropwat on the basis of the following relationship: 
 
() ( ) ETm ETa Ky Ym Ya / 1 / 1 − = −                    (10) 
 
where:  Ya and Ym are the actual and the maximum 
yields; ETa and ETm are the actual and the maximum 
evapotranspirations;  Ky is a factor denoting the 
linkages between yields and evapotranspiration. This 
factor is crop specific and has been specified for each 
crop by the model developers. This relationship is 
estimated in the whole crop grow season considering 
the main crop growing periods [17].  
Two deficit irrigation techniques for each of the 4 
considered crops have been examined assuming a 
linear reduction of irrigation levels of 5 and 10% with 
respect to the actual levels (DIT 5% and DIT 10%). 
The model response in terms of yields is reported in 
the following table. These results show that the 
                                                           
3 The interaction between agronomic and economic models is 
not always straightfold given that the former often assume full 
information and technical efficiency. This is also shown by the fact 
that often a not negligible difference exists between observed and 
experimental data regarding yield. Several reasons for this spread 
have been identified by Dillon and Hardtacker [16]. This problem 
has been considered by integrating data collected on the field with 
data deriving by the agronomic grow model. 
considered water reductions do not severely affect 
yield levels. Furthermore, under the considered 
intervals, water volumes affect yield according to 
constant or decreasing marginal product. These results 
have been used to proportionally reduce the yield 
observed in the reference period for the current 
irrigation technologies.  
Table 1 Crop yields for the base technologies and yield 
reduction (%) for deficit irrigation technologies 
  
Base 
Reduction respect to Base 
D.I.T.5% D.I.T.10% 
   t/ha  %  % 
Watermelon   35.50  -2.07  -4.14 
Maize 11.00  -2.00  -4.12 
Melon 25.00  -1.81  -3.75 
Tomato 80.00  -1.89 -3.79 
 
IV.SIMULATION RESULTS 
The model has been calibrated to the pre-reform 
situation referring to 2004 data on observed cropland 
allocation. After this step, a first simulation, 
concerning the Single Farm Payment scheme 
introduced by the MTR CAP reform, has been 
developed. The simulation considers the decoupling of 
direct payments for COP crops, the introduction of the 
partially coupled aid for the quality of durum wheat 
and modulation of direct aids. This scenario is applied 
to two models: one without deficit irrigation 
techniques (Standard model) and another with deficit 
irrigation techniques (DIT model). Results show 
different model responses. In fact 1,1 % of the land of 
the 4 irrigated crops is cultivated by using deficit 
irrigation techniques.  
Taking as reference the MTR scenario, two sets of 
simulations have been carried out. These refer to: 
decreases of water availability and increases of water 
costs.  
Deficit irrigation techniques play an important role 
in possible futures scenarios of water scarcity. In fact 
about 15% of the considered crop area is cultivated by 
using deficit irrigation techniques when a plausible 
reduction of 20% of water availability is considered. 
This area becomes more than 50% when the reduction 
is extreme (40%).   5 
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   Standard model    DIT model 
MTR 
Decreasing water availability  
MTR 
Decreasing water availability 
20% 30% 40%  20% 30% 40% 
   ha     ha     ha       ha     ha    
Watermelon: 
base 326  329  286  247  208  326  245  173  100 
D.I.T.5% 0  0  0  0  0 0  0  0  0 
D.I.T.10% 0 0  0  0  0 3  45  81  118 
Maize: 
base 174  63  0  0  0  63  0  0  0 
D.I.T.5% 0  0  0  0  0 0  0  0  0 
D.I.T.10% 0 0  0  0  0 0  0  0  0 
Melon: 
base 203  205  180  158  134  203  157  115  72 
D.I.T.5% 0  0  0  0  0 0  0  0  0 
D.I.T.10% 0 0  0  0  0 2  26  47  68 
Tomato: 
base 1010  1021  884  760  634  1010  767  550  328 
D.I.T.5% 0  0  0  0  0 0  0  0  0 
D.I.T.10% 0 0  0  0  0  12  129  232  337 
Relative weight Deficit Irrigation Techniques(%)                   
base 100.0      100.0  100.0  100.0 100.0   98.9  85.4  69.9  48.9 
D.I.T.5% 0.0  0.0  0.0  0.0 0.0  0.0  0.0 0.0 0.0 
D.I.T.10% 0.0      0.0  0.0  0.0 0.0    1.1 14.6  30.1  51.1 
In the DIT model there is a more limited reduction 
of the land devoted to vegetable crops and of the total 
irrigated land than in the Standard model. Vice versa 
water consumption does not change in the two 
considered models because water availability is 
binding in both cases. 




   Standard model    DIT model 
MTR 
Decreasing water availability 
MTR 
Decreasing water availability 
20% 30% 40%  20% 30% 40% 
   ha     ha  % change respect to MTR    ha  % change respect to MTR 
COP  crops  5117  2753 0.8  2.1  3.5  2753 0.7  2  3.4 
Vegetable crops  2121  2208  -15.6  -26.2  -37  2209  -14.7 -24.6 -34.6 
Fodder  crops  1445  2241  -0.5 -1.7  -3  2241  -0.4 -1.6 -2.9 
Other  crops  660  795  41.9 70.3 99.2  794  39.7 66.1 92.8 
Total irrigated land  2411  2394  -17.5  -27.7 -37.9  2395  -16.7 -26.2 -35.7 
   1000 m3     1000 m3  % change respect to MTR    1000 m3  % change respect to MTR 
Water consumption  6024  5946  -18.9  -29.1  -39.2  5945  -18.9 -29 -39.2 
   1000 €     1000 €  % change respect to MTR    1000 €  % change respect to MTR 
Gross  income  8331  8817 -2.3  -5  -9  8817 -2.3  -4.9  -8.8 
Total  Revenues  24397  23234 -9.5  -16.7  -23.8  23237 -9.2  -16  -22.9 
of which product values  18740  17901  -10.3  -17.6  -25  17903  -9.9  -17  -24 
Cost  16289  14640 -13.7  -23.4  -32.4  14643 -13.2  -22.4  -31 
of which water costs  566     558  -18.9  -29  -39.1    558  -18.8  -29  -39.1   6 
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The economic results show that there is a more 
limited reduction of the total revenues in the DIT 
model. At the same time the gross income is larger in 
the model with deficit irrigation techniques than in the 
Standard model.  
The simulations concerning the increase water costs 
have more limited effects. Indeed, also in  extreme 
cases (+200%), only 6% of the considered crop area is 
cultivated by using deficit irrigation techniques. This  
is because the actual unitary water cost is very low 
and, therefore, it does not strongly influence water use. 
 
 




   Standard model    DIT model 
MTR 
Increasing water costs 
MTR 
Increasing water costs 
100% 150% 200%  100% 150% 200% 
   ha    ha     ha       ha     ha    
Watermelon: 
base  326  329 323 320 314  326 315 310 298 
D.I.T.5%  0  0 0 0 0  0 0 0 0 
D.I.T.10%  0  0 0 0 0  3 8  11  16 
Maize: 
base  174  63 27 10  6  63 27 10  6 
D.I.T.5%  0  0 0 0 0  0 0 0 0 
D.I.T.10%  0  0 0 0 0  0 0 0 0 
Melon: 
base  203  205 201 199 195  203 195 191 184 
D.I.T.5%  0  0 0 0 0  0 0 0 0 
D.I.T.10%  0  0 0 0 0  2 6 8  11 
Tomato: 
base  1010  1021  993 980 956  1010  962 939 896 
D.I.T.5%  0  0 0 0 0  0 0 0 0 
D.I.T.10%  0  0 0 0 0  12  33  43  63 
Relative weight Deficit Irrigation Techniques (%)                   
base 100.0      100.0  100.0  100.0  100.0    98.9 97.0 95.9 93.9 
D.I.T.5% 0.0  0.0  0.0  0.0 0.0  0.0 0.0 0.0 0.0 
D.I.T.10% 0.0      0.0  0.0  0.0 0.0    1.1 3.0 4.1 6.1 
 
The comparison in terms of crop groups, water 
consumption and economic results shows a similar 
limited effect. However, there are very limited 
differences between the results of the two models that 
must be analyzed. In fact in the DIT model there is a 
lower  reduction of the vegetable crops and of the total 
irrigated land than in the Standard model.  
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   Standard model    DIT model 
MTR 
Increasing water costs 
MTR 
Increasing water costs 
100% 150% 200%  100% 150% 200% 
   ha     ha  % change respect to MTR    ha  % change respect to MTR 
COP crops  5117  2753  0  0  0.2  2753  0  0  0.2 
Vegetable  crops  2121  2208  -2.5 -3.7 -7.3  2209  -2.4 -3.6 -7.2 
Fodder crops  1445  2241  0.1  0.1  -0.1  2241  0.1  0.1  -0.1 
Other crops  660  795  6.7  10  19.9  794  6.5  9.7  19.4 
Total  irrigated  land  2411  2394  -3.8 -5.7 -9.3  2395  -3.8 -5.6 -9.2 
   1000 m3     1000 m3  % change respect to MTR    1000 m3  % change respect to MTR 
Water consumption  6024  5946  -4.4  -5.7  -10.5  5945  -4.5  -6.6  -10.6 
   1000 €     1000 €  % change respect to MTR    1000 €  % change respect to MTR 
Gross income  8331  8817  -6.2  -9.2  -12  8817  -6.2  -9.2  -12 
Total  Revenues  24397  23234  -1.8 -2.7 -4.6  23237  -1.8 -2.7 -4.6 
of which product values  18740  17901  -1.9  -2.8  -5  17903  -1.9  -2.8  -4.9 
Cost 16289  14640  0.9  1.3  -0.1  14643  0.9  1.3  0 
of which water costs  566     558  90.6 132.6  166.4    558  90.5 132.30 166 
 
V.CONCLUSIONS 
The analysis shown in this paper has produced 
methodological and empirical results. The first refers 
to the proposed approach to include into a PMP model 
variant technologies not observed in the reference 
period by using an extension of the Röhm and Dabbert 
approach (2003). This approach could be useful when 
it is believed that, under the pressure of new economic 
and policy conditions, farmers can adjust their 
production techniques introducing technologies that 
were not found in the reference period. Therefore, this 
approach could be applied to a broad numbers of 
circumstances other than those considered here. 
The empirical analysis has been conducted 
introducing water deficit irrigation techniques (DIT) 
(i.e. with low unitary water uses) that were not 
profitable and observed under pre-reform conditions 
into a PMP model. This has permitted to evaluate if 
the reduction of water availability or the increase of 
water cost could lead to the shift to DIT and if this 
could improve the quality of the economic analysis  
aimed at investigating farmers’ response to water 
policy. 
Simulation results show that, under the simulated 
conditions, DIT are chosen by the extended model. In 
the case of reduced water availability, this allows a 
more limited reduction of vegetable crops than that 
observed with the standard model. This has a limited 
but positive consequence on farm gross margins. 
However, in the case of increasing water costs, the 
introduction of  DIT causes negligible changes in the 
selected cropping patterns and in the farm gross 
margins, but just a slighter decrease in water uses than 
that reported by the standard model. 
Thus, empirical results recommend that the 
inclusion of the DIT in the models could be useful to 
better depict the technological adjustment of farmers. 
This could also change the simulation results 
especially in terms of cropping patterns, economic 
results and water uses. However, the empirical 
analysis suggests that, in the considered case, these 
changes are not very relevant. 
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